We examine the low frequency BH loop and complex permeability spectra of multilayer permalloy films laser processed to define samples consisting of stripes parallel to the as-deposited hard axis. We begin by examining different laser energy densities for groove definition in films of different thickness. We observe that for well coupled multilayer films with thin, 15 nm, spacer layers the demagnetizing field, which is a function of groove depth, is able to reorient the easy and hard axes from the initial orientation. As the groove becomes more clearly defined the hard axis permeability increases, while the easy axis permeability decreases. The role of stripe width and ambient processing atmosphere are also investigated.
I. INTRODUCTION
Magnetic structures such as sensors 1, 2 and identification markers 3, 4 are typically fabricated using photolithographic techniques, in conjunction with etching or ion milling, to define the required geometries from magnetically soft multilayer thin films. 5 The magnetic properties of such devices are process dependent. To see if laser processing could offer a practical alternative to conventional photolithographic techniques we have investigated the use of a KrF excimer laser, with a 100-m diam spot size and 248 nm wavelength, to define stripe patterns on magnetically soft multilayer thin films by ablation.
The multilayer films consist of four, eight, or twelve 80 nm Ni 81 Fe 19 magnetic layers separated by either 15 or 45 nm silicon nitride spacers layers. The original samples were 16 mm squares; the laser beam was rastered across the samples parallel to the hard axis to define stripes separated by the 100-m-wide laser ablated channel. Figure 1 shows the experimental setup used for defining stripe geometries upon homogeneous multilayer magnetic thin films by ablation. The setup includes a MPB PSX-100 excimer laser, beam delivery optics, and a vacuum chamber. Excimer lasers do not operate continuously, but deliver pulses of high optical power. The sample holder is in the vacuum chamber which is mounted on a motorized translation stage. Vacuum processing was performed at a base pressure of approximately 10 Ϫ3 Torr. The laser beam was incident normal to the basal plane of the sample. A 100-mdiam spot size was used throughout this work, with a constant scan speed of 0.635 mm/s. The pulse repetition rate was 25 Hz, producing a constant spacing between pulses of 25.4 m. Incident energy densities were 3.2, 8, and 18 J/cm 2 ; the laser pulse was 2.5 ns for power densities of, respectively, 1.3, 3.2, and 7.4 GW/cm 2 . The magnetic thin films examined in this study were fabricated using dc magnetron sputtering. The films were deposited onto 52-m-thick PET ͑polyethylene terephthalate͒. 6 Prior to deposition the substrate was cleaned by sputter etching the substrate web in oxygen at a power level of 3 W/cm 2 for 6 s. 6 Background pressure in the sputtering chamber was 1.8 mTorr, the sputtering gas was argon. The films consisted of 80 nm Ni 81 Fe 19 magnetic layers and silicon nitride (Si 3 N 4 ) spacer layers that were either 15 nm or 45 nm thick. A 100 nm Si 3 N 4 undercoat separated the substrate and first permalloy layer. 7 The silicon nitride layers were deposited by reactive sputtering from a silicon target in a nitrogen-rich environment.
The samples were cut into 16 mm squares, with the magnetic easy axis ͑EA͒ and hard axis ͑HA͒ perpendicular to each other along one axis of the square. All stripes were defined parallel to the HA. The lines were scanned 0.5, 1.0, or 2.0 mm center to center, resulting in stripes 0.4 0.9, and 1.9 mm wide with 0.1 mm separating grooves.
The low frequency BH loops ͑10 Hz͒, anisotropy field and coercive force were measured using a SHB BH-Looper. The complex permeability spectra was measured from 5 to 100 MHz using a thin film permeameter. 
II. RESULTS
Six different multilayer films were laser processed in air at the three different energy densities. Table I summarizes the degree to which the laser ablated grooves were defined. Figure 2 shows the change in the 10 Hz BH loop of the film in response to laser rastering 0.9-mm-wide stripes across The stripe is 0.9 mm wide and 1.125 m thick for a demagnetizing factor of approximately 1.2ϫ10
Ϫ3 . Taking 4Ms of the permalloy layer to be 10 400 G, the average 4Ms value of the multilayer stack is Ϸ8875 G. The demagnetizing field of the stripe, which acts to orient the magnetization vector along the length of the stripe ͑the as-deposited HA͒, is simply the product of the demagnetizing factor and average 4Ms value, approximately 10 Oe. With reference to Fig. 2 , this demagnetizing field plays the role of the anisotropy field, which can be determined by extrapolation of the initial, HA linear magnetization curve. The measured Hk is 7 Oe, which combined with Hk of the as-deposited film indicates a change in the anisotropy field of 8.4 Oe, a value comparable to that calculated for the demagnetizing field. Figures 3͑a͒ and 3͑b͒ show, respectively, the HA and EA 5-100 MHz complex permeability spectra of the same films measured in Fig. 2 . The permeability is measured after application of a saturating dc magnetic field oriented perpendicular to the high frequency measurement field. 8 The HA permeability increases and the EA permeability decreases as the magnetization vector becomes increasingly oriented, which is caused by the geometry becoming more clearly defined through use of higher laser energy densities. Note the scale of Fig. 3 does not take into account the thickness of the spacer layers, or the reduction in material that has been ablated to define the stripes. Figure 4 shows a typical HA complex permeability spectra plot of the as-deposited film; the as-deposited EA trace is similar in shape, but reduced in magnitude by 65% from the HA. As expected, since perme- ability magnitude is inversely related to the anisotropy field, the laser processed samples show a dramatic reduction in permeability from the relatively isotropic as-deposited state. The response of the 45 nm spacer layer films to laser processing is more complicated. In contrast to the 15 nm spacer layer films, the as-deposited 45 nm spacer layer films were fairly well oriented, with an anisotropy field of approximately 5.5 Oe, and, as seen by the BH loop, the different magnetic layers tend to act individually. The response of these thicker films to laser processing is still being studied.
The effect of different stripe widths was investigated by defining 1.9, 0.9, and 0.4 mm stripes, separated by 100 m grooves, by laser rastering at 18 J/cm 2 . Generally speaking, for all films smaller stripe widths resulted in higher coercivities; for the 15 nm spacer layer films smaller stripe widths resulted in larger anisotropy field values, while for the 45 nm spacer layer films the anisotropy field stayed generally constant with stripe width. Table II summarizes data obtained on multilayer films consisting of four magnetic layers with either 45 nm or 15 nm spacer layers: || denotes the 5 MHz permeability magnitude.
The role of ambient atmosphere was investigated by comparing the magnetic properties of the same six different multilayer films rastered in vacuum at 18 J/cm 2 to define 0.9 mm stripes. Generally speaking, there was little difference in the measured magnetic properties between samples rastered in air or vacuum, although optical inspection showed them to be quite different in appearance. The material laser ablated in air redeposited on the sample in some kind of silicon nitride/ permalloy mixture; it appeared that the redeposition plume was approximately 0.5 mm in width. The samples laser processed in vacuum were clean with no sign of redeposition.
